Background. Despite the pathogenetic potential of human polyomavirus 6 (HPyV6) and human polyomavirus 7 (HPyV7), they have been found in the normal skin of healthy individuals. However, little is known about the prevalence, infection levels, and geographical variations of these polyomaviruses in the skin.
The Polyomaviridae constitute a family of double-stranded DNA viruses. Primary infections by human polyomaviruses are usually asymptomatic, and the viruses establish a silent infection in various organs and tissues, such as the brain, the urogenital tract, and the skin [1] . In immunosuppressed individuals, JC and BK polyomaviruses can cause serious diseases of the brain and urogenital tract, respectively [1] . Merkel cell polyomavirus (MCPyV) is considered an etiological agent of Merkel cell carcinoma (MCC), an aggressive type of skin cancer [2, 3] . Human polyomavirus 6 (HPyV6) and human polyomavirus 7 (HPyV7), another skin-tropic HPyV, were first identified as incident infections through rolling circle amplification of DNA isolated from healthy human skin swabs [4] . Recently, HPyV7 was proposed as a pathogen associated with pruritic rashes in immunosuppressed patients [5] . Subsequently, in addition to HPyV7, HPyV6 was also found in lesional skin of patients with pruritic and dyskeratotic dermatoses [6] . Furthermore, HPyV6 was detected in several types of epithelial neoplasms [7, 8] , and HPyV7 was found in thymic epithelial tumors [9] . These findings suggest that HPyV6 and HPyV7 might play an indispensable role in the etiology of inflammatory skin disorders and also may have an oncogenic potential.
A number of studies have reported that the seroprevalences of HPyV6 and HPyV7 were 67%-88% and 35%-66%, respectively, in white adults originating from Europe, the United States, and Australia [4, [10] [11] [12] [13] . However, only a limited number of studies have assessed the prevalence rates of these viruses in the skin of healthy individuals. To date, a few studies have provided the detection rates of HPyV6 and HPyV7 in skin swabs obtained from healthy subjects: 12%-28% for HPyV 6 and 2%-13% for HPyV7 [4, 14, 15] . Thus, despite the pathogenetic potential of these viruses, the prevalence and levels of HPyV6 and HPyV7 infections in the skin among the general population have not been well delineated. Furthermore, epidemiological studies of HPyV6 and HPyV7 in the skin have all stemmed from individuals living in Europe or of European ancestry; a worldwide survey including an Asian population will therefore provide useful information on the geographical distribution of the viruses.
Studies have demonstrated that the JC and BK polyomaviruses have distinct genotypes linked to the geographical origin of the infected individuals [16] [17] [18] [19] . Concerning MCPyV, recent studies have suggested that viral genotypes vary between strains M A J O R A R T I C L E prevalent in the skins of white and Asian populations [20] [21] [22] [23] [24] . These findings highlight the need for work aimed at determining whether the HPyV6 and HPyV7 strains present in the skin also display genotypic variations linked to the geographic origin of the infected individuals.
Given this background, we investigated for the first time the age-specific prevalences of HPyV6 and HPyV7, viral persistence, and viral loads in swab specimens obtained from 2 different regions of normal-appearing skin in a large cohort including Asians and whites. Moreover, we conducted the first phylogenetic analyses of HPyV6 and HPyV7 strains prevalent in the skins of these 2 populations.
METHODS

Study Participants and Specimen Collection
This study cohort included 470 subjects, comprising 309 Japanese individuals (persons of Japanese descent who reside in Japan) and 161 non-Japanese individuals living or temporarily staying in Japan. These included 102 volunteers originating from Asian countries other than Japan, 17 from Europe, 26 from North America, 2 from South America, 8 from sub-Saharan Africa, and 6 from Oceania. They had no history of cancer or medication with immunosuppressed agents and did not receive any special skin care at the time of sampling. The age of participants ranged from 2 to 98 years; 213 were male and 257 were female. The subjects were divided by age into 7 groups (Table 1) . A total of 466 skin smear specimens were collected from an area of about 50 cm 2 of the normal-appearing, sun-unexposed upper arm skin by rubbing back and forth 5-10 times with sterile cotton swabs. In addition, 445 specimens were also collected by swabbing the normal, sun-exposed forehead. All swabs were placed in a separate vial containing sterile phosphate-buffered saline, and DNA was extracted within 2 hours of sample collection.
This study was approved by the Ethics Committee of Kochi Medical School, Kochi University. Written informed consent was obtained from all participants. When children aged <18 years or elderly persons with impaired decision-making capacity were enrolled, their parents or families provided written informed consent on their behalf.
Quantification of the Viral Genome
DNA extraction was performed using the standard phenolchloroform method. Twenty-nanogram aliquots of extracted DNA were analyzed for the detection and quantification of HPyV6 and HPyV7, using TaqMan-based quantitative realtime polymerase chain reaction (qPCR) [25] . Primers and probes were prepared to amplify the viral large T antigen (LT) gene [26] . The reaction mixture was prepared in a total volume of 20 μL containing the TaqMan gene expression master mix (Thermo Fisher Scientific, Waltham, Massachusetts), 900 nM each primer, and 250 nM dual-labeled probe. The reaction conditions were 50°C for 2 minutes and 95°C for 10 minutes, followed by 50 cycles of 95°C for 15 seconds and 60°C for 1 minute. A standard PCR assay was performed using the same primers and the PCR product was cloned into the pMD20-T vector (Takara Bio, Shiga, Japan). We prepared 6-fold serial dilutions using 10 ng of the cloned plasmid DNA to generate a standard curve and from this, we calculated the viral copy number. Results are expressed as viral DNA copies/ng DNA. Because samples with cycle threshold values below 40-41 were considered to be positive for targeted viral nucleic acids [23, 27] , we considered swab specimens with ≥0.3 × 10 -2 copies/ng DNA to be positive according to the published criteria. We confirmed the detection specificity of the assay, showing no cross-reaction of 3 cutaneous polyomaviruses HPyV6, HPyV7, and MCPyV (Supplementary Figure 1) . All qPCR assays were performed twice in a blind manner.
Viral DNA Sequencing Analysis
The viral sequences including the full-length small T antigen (ST) genes and partial LT genes of HPyV6 (nucleotide positions at 3944-4926 based on the GenBank HPyV6 sequence [4] ; accession number HM011560) and HPyV7 (nucleotide positions at 3959-4949 based on the GenBank HPyV7 sequence [4] , HM011564) were amplified by PCR, using different combinations of primer sets 2 and 3, respectively (Supplementary Table 1 ). The purified PCR products were sequenced directly. The HPyV6 and HPyV7 sequences obtained in this study were deposited in the GenBank database under accession numbers LC309184-LC309210 and LC309211-LC309235, respectively.
Phylogenetic Analysis
The nucleotide sequences were aligned using Clustal W [28] . Phylogenetic trees were constructed using the maximum-likelihood and neighbor-joining methods in MEGA 5.2 software [29] .
The bootstrap values were based on 1000 replicates for all trees.
Statistical Analyses
Any correlations between viral positivity rates were analyzed using Fisher exact test. The differences in viral loads were compared using the Mann-Whitney nonparametric U test. All the statistical analyses were performed using R, version 3.2.0 with its graphical user interface EZR [30] . A P value of <.05 was considered significant.
RESULTS
HPyV6 and HPyV7 Prevalence and Viral Loads in Normal Skin
We tested 466 upper arm swab specimens and 445 forehead swab specimens for the presence and quantitation of the HPyV6 and HPyV7 genomes. All specimens were tested twice independently. As a result, the viral copy numbers were reproducible, demonstrating the reliability of our qPCR system for determination of viral loads. Overall, the HPyV6 prevalences in the arm and forehead skin samples were 16.7% (78 of 466) and 18.0% (80 of 445), respectively ( Table 1 ). The detection rate of HPyV7 was significantly lower than that of HPyV6 in swabs from both the arm (9.7% [45/466]; P = .002) and forehead (12.4% [55/445]; P = .025). The age-related prevalence was also assessed. The positivity rates of HPyV6 in younger groups aged 2-39 years were 13.2% (34/257) for the arm swabs and 13.4% (32/239) for the forehead swabs; the respective rates significantly rose to 21.1% (44/209; P = .034) and 23.3% (48/206; P < .009) in older groups aged 40-98 years. Likewise, the prevalence of HPyV7 tended to be higher in groups aged ≥40 years. There were no significant differences in site-specific detection rates of HPyV6 (P = .662) and HPyV7 (P = .204) between the arm and forehead. The detection rates of HPyV6 or HPyV7 in both the arm and forehead skin specimens are shown in Table 1 . The simultaneous detection rate of HPyV6 and HPyV7 was 5.4% (25/466) for the arm and 8.1% (36/445) for the forehead, and this was significantly higher in the forehead of subjects aged ≥80 years than in younger individuals (P = .004).
We evaluated the HPyV6 and HPyV7 loads by age group. Comparisons of consecutive age groups revealed that both viral loads increased with age (Figures 1 and 2) . Of note, significantly higher viral loads were evident in the skins of elderly persons aged ≥80 years. Thus, HPyV6 and HPyV7 infections with high viral burdens tended to occur in the skin of elderly subjects, although overall HPyV7 loads were significantly lower than those of HPyV6 both in the arm (P < .001) and forehead (P < .001). For example, an HPyV6 load of >1 copy/ng DNA detected in arm and/or forehead was found in 16 adults, including 1 of 124 (0.8%) aged 20-29 years, 2 of 78 (2.6%) aged 40-59 years, 3 of 54 (5.6%) aged 60-79 years, and 10 of 77 (13%) aged 80-98 years. Among them, 5 elderly persons (1 in the 60-79 years age group and 4 aged 80-98 years) carried an HPyV6 load of >10 copies/ng DNA. Likewise, an HPyV7 load of >1 copy/ng DNA was found in 6 adults, including 1 of 124 (0.8%) aged 20-29 years, 1 of 78 (1.3%) aged 40-59 years, and 4 of 77 (5.2%) aged 80-98 years. Two persons aged ≥80 years carried coinfection of HPyV6 and HPyV7 with both viral loads of >1 copy/ng DNA. There were no significant differences in site-specific viral loads of HPyV6 (P = .100) and HPyV7 (P = .204) at any given age between the arm and forehead.
Viral persistence was investigated in subjects positive for HPyV6 and/or HPyV7 with viral loads of ≥0.3 × 10 -2 copies/ ng DNA, who could be reassessed approximately 6 months after collection of the first sample. Overall, 11 specimens from the arm skin and 13 specimens from the forehead skin were collected from the same area as the first specimens. HPyV6 was detected again in 5 of 7 arm swabs (71%) and 8 of 10 forehead swabs (80%) at second measurement (Table 2 ). HPyV7 was found in all of the forehead and arm swabs tested (8/8). We next compared the LT sequences detected in the first and the second specimens. Sanger sequencing analysis showed that the viral sequences were identical in all sets of sequences analyzed ( Table 2) .
We also investigated the prevalence rates of HPyV6 and HPyV7 by ethnic group (Table 3) . There was no significant difference in the HPyV6 prevalence between Asian and white individuals, with values of 17.6% (72/408) vs 12.0% (6/50) for the arm (P = .425) and 18.8% (74/393) vs 13.0% (6/46) for the forehead (P = .422). HPyV7 prevalence was higher in the Asian subjects compared with the white individuals at the forehead in this cohort (P = .019). Samples obtained from sub-Saharan African subjects harbored neither HPyV6 nor HPyV7 sequences.
Phylogenetic Analysis and Genetic Diversity of HPyV6 and HPyV7
We analyzed the phylogenetic relationships between the HPyV6/ HPyV7 strains recovered from normal skin specimens in Asian and white subjects. The HPyV6 sequence (983 base pairs) and HPyV7 sequence (991 base pairs) including the full-length ST and partial LT gene sequences were obtained successfully from 27 and 25 skin swabs, respectively. Phylogenetic studies of HPyV6 were performed using 41 viral sequences, comprising the 27 HPyV6 sequences evaluated in this study (12 sequences from Japanese, 11 from other Asian subjects, and 4 from white individuals) and 14 sequences retrieved from GenBank in June 2017 with 3 sequences reported from China and Hong Kong [31, 32] and 11 from the United States, Europe, and Australia [4, 6, [33] [34] [35] (Figure 3A) . Likewise, phylogenetic studies of HPyV7 were conducted using 35 viral sequences, comprising Asian/Japanese clade (HPyV6 clade 1) that was clearly distinct from a clade comprising the 12 sequences originated from the white population (HPyV6 clade 2). The other 6 strains formed 2 unclassified paraphyletic groups, tentatively designated U1 and U2 clades, which are closer to HPyV6 clades 1 and 2, respectively. As exceptions, 2 strains from persons residing in the United States (F-SKP61066) and China (BJ376) were included in HPyV6 clades 1 and 2, respectively. Phylogenetic analysis of HPyV7 also resulted in the identification of 2 main clades, HPyV7 clade 1 (Asian/Japanese) and HPyV7 clade 2 (white), although 4 strains (713a, 713b, NC_014407, and UTSW7), which were reported by researchers from the United States and Czech Republic [4, 6] , unexpectedly belonged to HPyV7 clade 1. The overall branching pattern of phylogenetic trees of HPyV6 and HPyV7 generated by the neighbor-joining method was similar to that obtained using the maximum-likelihood method (Supplementary Figure 2) . Thus, both analyses demonstrated evidence of specific Asian/Japanese geographic genotypes of HPyV6 and HPyV7. Compared with the representative white strain 607a [4] , all of the HPyV6 strains belonging to HPyV6 clade 1 had the following specific alterations in the ST and LT genes: G→A at nucleotide position 4009; T→C or A at 4011; G→A at 4228; A→G at 4308; A→C at 4435; and C→T at 4837 ( Figure 4A ). Likewise, a Subjects who tested positive for HPyV6 and/or HPyV7 DNA at the first measurement in their arm and/or forehead skin underwent the second measurement after an interval of approximately 6 months.
b Defined as the ratio of viral DNA load at the second measurement to viral DNA load at the first measurement. The baseline level of the first measurement was assumed as 1.0.
c Subjects whose viral LT gene (103 bp for HPyV6; 112 bp for HPyV7) was sequenced successfully. The sequences were identical between the first specimens and the second specimens.
d Not detected at the second measurement.
compared with the 707a strain [4] , the following specific alterations were found in the Japanese/Asian HPyV7 strains; G→A at 4038; A→G at 4116; A→C at 4172; T→C at 4478; T→G at 4527; and C→G at 4763 ( Figure 4B ). These alterations appear to define the characteristic phylogenetic features of the Asian/ Japanese strains. It is notable that the HPyV6 strain belonging to clade U2, such as HPyV6-LN1 [35] , contained some alterations common to the Asian/Japanese strains.
DISCUSSION
HPyV6 and HPyV7 are currently receiving increasing attention because studies have associated these viruses with pruritic skin rashes with a characteristic "peacock plumage" histology in immunosuppressed individuals [5, 6] . We examined the prevalence of HPyV6 and HPyV7 in the skin of 470 asymptomatic subjects who were free of skin diseases. The present study had several strengths. One advantage was the availability of a large number of samples from participants. We have provided the first data on age-specific analyses of prevalence and quantification of HPyV6 and HPyV7 in these skin samples. Our assessment showed that the prevalence and viral loads increased with age. It should be noted that both HPyV6 and HPyV7 infections with high viral burdens were observed, especially in persons aged ≥80 years. On the other hand, the viral loads in the skin of children aged <20 years were significantly lower than those in adulthood. To our knowledge, our study presents the first data on cutaneous HPyV6 and HPyV7 loads in childhood. We also evaluated the prevalence levels of HPyV6 and HPyV7 infections between 2 different skin regions, including sun-exposed forehead skin and sun-unexposed upper arm skin. There were no significant differences in site-specific detection rates or viral loads at any given age, showing a striking contrast to findings that a higher load of MCPyV was predominantly found on the forehead of elderly individuals [23] . In fact, MCPyV-associated MCC occurs preferentially in the sun-exposed skin of elderly persons [36, 37] . We have also shown that significantly higher loads of MCPyV were found even in the nonlesional, sun-exposed skins of patients with MCC compared with normal-appearing skins of age-matched healthy individuals and patients with other cutaneous cancers [38] . These findings suggest that MCC may develop with a background of high MCPyV load in ultraviolet-exposed skin areas. Considering that HPyV6-and HPyV7-associated pruritic rashes can develop throughout the skin without a site predilection [5, 6] , our observation of moderate concordance between HPyV6/HPyV7 DNAs measured in the forehead and those measured in the arm was not surprising. It is thought that existence of the virus itself is essential for the occurrence of such rashes. Indeed, in the rash lesions, HPyV6 or HPyV7 loads were higher than those in healthy-skin controls [5, 6] . Immunocompromised hosts are considered to have a predisposition to HPyV6-and HPyV7-associated skin disorders [5, 6] . We showed that older age, especially ≥80 years, was associated with higher loads of both viruses. This might be caused by reduced immunity with increasing age that could lead to reactivation of virus in older individuals. Therefore, we speculate that persistent HPyV6 and HPyV7 infections with high viral loads in the skin, possibly caused by waning immunity, could be an important factor for the development of certain types of pruritic and dyskeratotic dermatoses, and this deserves further investigation. Our findings also suggest the persistence of HPyV6 and HPyV7 infections at primarily infected regions. However, the limitations of the assay include the relatively small number of subjects whose skin swabs were available for consecutive collection and the sequencing depth used for comparative sequence determination. Accordingly, deep sequencing analysis of skin specimens in a larger cohort will be needed for better understanding of the persistence and ecology of these viruses, which might reveal the occurrence of viral quasispecies even in healthy individuals.
We also present here for the first time data on the simultaneous infection of HPyV6 and HPyV7 in the skin, showing a higher detection in elderly persons. We showed that an MCPyV infection with high viral load was retained in the skin, especially among elderly subjects [23] . As first proposed by Foulongne et al [39] , HPyV6, HPyV7, and MCPyV appear to represent a common part of the skin virome. Our population-based study also showed that simultaneous triple infections of the 3 cutaneous HPyVs were mainly observed again in individuals aged ≥80 years (data not shown). The relative viral abundances in the skin virome are considered variable among individuals [40, 41] . Our hypothesis is that multiple HPyV infections with high viral burdens could occur in a small subset of individuals with weakened immune systems, such as elderly persons. In this context, the influence of coinfection of HPyV6 and HPyV7, along with MCPyV, in the pathogenesis of HPyV-associated inflammatory and malignant skin conditions warrants studying.
Finally, we have provided the first report of the natural history of HPyV6 and HPyV7 among an Asian cohort. Our study showed a significantly higher detection and viral load for HPyV6 than for HPyV7 in both Asian and white populations. In conjunction with studies involving the white population [4, 14, 15] , the overall prevalence patterns of these viruses in the normal skin appeared similar between the 2 populations. However, our phylogenetic analyses of HPyV6 and HPyV7 clearly demonstrated the existence of Asian/Japanese-specific strains genetically distinct from strains prevalent in the white population. We propose 2 major geographically related variant genotypes, namely Asian/Japanese and white forms. Further analyses based on larger viral fragments on a global scale will strengthen our original genotype classification. Whether the presence of the Asian/Japanese genotype is preferentially related to HPyV6/HPyV7-associated disorders is also an important issue. Rascovan et al [35] have provided direct evidence of association of HPyV6 with a chronic inflammatory disorder known as Kimura disease. The disease is endemic mostly in East and Southeast Asia and has rarely been reported in white individuals [42, 43] . Of note, the HPyV6 strain, HPyV6-LN1, detected in a patient with Kimura disease clustered outside the HPyV6 strains isolated chiefly from individuals in the United States, even though the patient was found in a hospital in France [35] . Indeed, our phylogenetic analysis showed that this strain formed a paraphyletic group close to but distinct from the white clade. Moreover, this strain had some alterations common to the Asian/Japanese strains. In addition, our phylogenetic study showed that some strains unexpectedly belonged to opposite clades. This might be because many regions in Western countries now contain high proportions of immigrants. At present, no information about where the persons were infected with such strains is available. In contrast, most Japanese subjects examined in this study belonged to a homogeneous indigenous population. Thus, it should be further investigated whether the Asian/Japanese-specific HPyV6 genotype could affect the viral protein molecules and represent a potential trigger of certain types of disorders or merely indicates the presence of an Asia/ Japan-related topotype.
In summary, we have shown in this large study that both HPyV6 and HPyV7 prevalence rates and loads were increased among elderly individuals. Immunosuppression during aging might allow active and persistent HPyV6/HPyV7 infections. Hence, individuals harboring high viral loads in the skin would be needed for any follow-up study for the subsequent development of HPyV6-and HPyV7-associated skin diseases. Our findings are also expected to stimulate further studies of the influence of geographically related variant viral genotypes on the incidence and pathogenesis of skin diseases.
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